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• GD-MBR operation with real municipal
wastewater was evaluated at different
SRTs.

• SRT had significant influence on micro-
bial community and membrane fouling.

• Abundance of quorumquenching bacte-
rial genera were obtained at SRT of
25 days.

• Carbohydrate content of SMP and TB-
EPS showed positive correlation with
the floc size.

• SRT of 25days permitted the longest op-
erating time with minimum membrane
fouling rate.
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Membrane fouling in amembrane bioreactor (MBR) is highly influenced by the characteristics of the influent, the
mixed liquormicrobial community and the operational parameters, all ofwhich are environment specific. There-
fore, we studied the dynamics of microbial community during the treatment of real municipal wastewater in a
pilotscale anoxic-oxic (A/O)MBR equipped with a gravity-drivenmembrane filtration system. TheMBRwas op-
erated at three different solid retention times (SRTs): 25, 40 and 10 days for a total period of 180 days in Nordic
environmental conditions. Analysis of microbial community dynamics revealed a high diversity ofmicrobial spe-
cies at SRT of 40 days, whereas SRT of 25 dayswas superior withmicrobial richness. Production of solublemicro-
bial products (SMP) and extracellular polymeric substances (EPS) was found to be intensely connected with the
SRT and food to microorganism (F/M) ratio. Relatively longer operational period with the lowest rate of mem-
brane foulingwas observed at SRT of 25 days,whichwas resulted from the superiormicrobial community, lowest
production of SMP and loosely bound EPS as well as the lower filtration resistance of larger sludge flocs. Abun-
dance of quorum quenching (QQ) bacteria and granular floc forming bacterial genera at SRT of 25 days provided
relatively lowermembrane fouling tendency and larger floc formation, respectively. On the other hand, substan-
tial amount of various surface colonizing and EPS producing bacteria was found at SRT of 10 days, which
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promoted more rapid membrane fouling compared with the fouling rate seen at other tested SRTs. To sum up,
this research provides a realistic insight into the impact of SRT on microbial community dynamics and resulting
characteristics of mixed liquor, floc size distribution and membrane fouling for improved MBR operation.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The rising concern of water pollution and the demand for water
reuse are imposing strict discharge standards to the wastewater treat-
ment plants. As a result, membrane bioreactor (MBR), due to its ability
to meet up the rigid effluent standards with a limited reactor volume
and waste generation, has received considerable acceptance for the
treatment and reclamation of bothmunicipal and industrialwastewater
(Gurung et al., 2019, 2017; Yurtsever et al., 2021). The MBR process
combines the biological activated sludge process withmembrane filtra-
tion, which offers several benefits over the conventional activated
sludge process, including smaller plant footprint, enhanced removal of
organic pollutants, complete retention of suspended solids and lower
sludge production (Gurung et al., 2019; Krzeminski et al., 2017; Meng
et al., 2017). However, the costs associated with the operation and
membrane-fouling control remains as the major constraints of MBRs
application (Deng et al., 2015; Meng et al., 2017, 2008).

Higher operating expenses in MBR operations are associated with
the high energy consumption required to maintain adequate trans-
membrane pressure (TMP) for improved productivity and the delivery
of scouring air to minimize membrane fouling. The energy required to
maintain a high TMP can be reduced significantly using gravity-driven
(GD) membrane filtration technology, which enables the process to
run at low TMP with biofilm-controlled flux stabilization (Fortunato
et al., 2020; Pronk et al., 2019). Membrane fouling, on the other hand,
remains to be the most problematic aspects of GD-MBR operation to
deal with. Membrane fouling occurs as a result of complex interaction
between the activated sludge and membrane surface properties and
poses several challenges including membrane pore blocking, permeate
flux decline and the need for chemical cleaning of membrane during
MBRs operation (Gao et al., 2010; Long et al., 2021; Meng et al., 2017;
Wu et al., 2020). Recently, Fortunato et al. studied the membrane foul-
ing control in a GD-MBR using different physical cleaning strategies
such asmembrane relaxation and air scouring. The addition of air scour-
ing after a relaxation cycle resulted in a significant increase in biomass
removal from themembrane surface, aswell as increase in performance
(Fortunato et al., 2020). While using a specific membrane, the opera-
tional conditions and microbial populations in the mixed liquor have
the substantial impact on membrane fouling in MBRs.

Solid retention time (SRT) or mean cell residence time is considered
as one of the key operational parameters that significantly affects the
activated sludge characteristics in terms of microbial diversity, biodeg-
radation kinetics, biopolymer concentration, floc formation and size
distribution, which in turn affects the effluent quality and membrane-
fouling tendency (Ahmed et al., 2007; Han et al., 2005; Meng et al.,
2017; Yu et al., 2018). For example, MBR operation at short SRT (e.g.
10 days) limits the growth of functional micro-organisms such as
slow-growing nitrifiers (Yu et al., 2018). On the other hand, process op-
eration at longer SRT allows the extensive growth of biomass concentra-
tion, which results in substrate deficiency, mass transfer limitations,
enhanced aeration cost and membrane fouling (Laera et al., 2007). As
a result, immense efforts have been made by the researchers over the
last decades to establish a reliable relationship between the SRT, bio-
mass characteristics and membrane fouling (Duan et al., 2014; Han
et al., 2005; Lee et al., 2003; Ouyang and Liu, 2009; Yu et al., 2018). How-
ever, experimental outcomes are often contradictory when they shift
from lab scale to pilot scale and from synthetic wastewater to real
wastewater. Therefore, more experimental evidence is required to
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improve the understanding of SRT effects on biomass characteristics
and membrane fouling.

Microbial communities and their dynamics in the activated sludge
play a crucial role in the degradation of various organic and inorganic
pollutants as well as in the development of microbial colonization on
the membrane surface, which further promotes the membrane fouling
(ElNaker et al., 2018; Takimoto et al., 2021). Besides that, variousmicro-
bial activities in the bioreactor, such as microbial growth, secretion and
substrate consumption stimulates the production of soluble microbial
products (SMP) and extracellular polymeric substances (EPS) (Li et al.,
2008; Lin et al., 2014). Various experimental studies revealed that EPS
comprises a complex mixture of high molecular weight bio-polymeric
substances such as carbohydrate, proteins, humic substances and
nucleic acids (Frølund et al., 1996; Lin et al., 2014). As a result, EPS cre-
ates a highly hydrated gel-like three-dimensional matrix around the
microbial aggregates and prevents the cells from the adverse environ-
mental effects (Shi et al., 2017). Moreover, significant contribution of
EPS on floc formation and size distribution aswell asmembrane fouling
in MBRs has been evident in many previous researches (Li and Yang,
2007; Teng et al., 2019; Wang et al., 2009). However, the experimental
outcomes concerning the effects of SRT on the growth and diversity of
the microbial community, biopolymer production and their composi-
tion, role of SMP and EPS in floc formation and floc size distribution at
various environmental conditions are often contradictory (Ouyang
and Liu, 2009; Van den Broeck et al., 2012; Wang et al., 2014) and
have not been well reported. Therefore, an in-depth understanding of
the influences of operating conditions in pilot-scale MBR, particularly
the SRT, can forward the better process exploitation and optimization.

In this study, we aimed to investigate the effect of three different
SRTs (10, 25 and 40 days) on the performance of a pilot-scale gravity-
driven A/O MBR system treating real municipal wastewater. We evalu-
ated the sludge microbial community dynamics and their contribution
in pollutant degradation, biopolymer (dissolved and bound EPS) pro-
duction and their composition, floc size distribution, treated effluent
quality and membrane fouling in the MBR process at varying SRTs.
The dynamics of microbial community in the mixed liquor at different
SRTs were analyzed using the next-generation sequencing methods.
Furthermore, fouling development on the membrane surface was ob-
served bymonitoring the rate of TMP rise during the process operation.

2. Materials and methods

2.1. Description of MBR pilot plant

The pilot-scale MBR plant (Aquazone Oy, Finland) used in this study
comprised of a screening tank, pre-clarifier, anoxic tank, aeration tank,
membrane tank and deoxygenation tank (Fig. 1). It was installed and
operated at Kenkäveronniemi Wastewater Treatment Plant in Mikkeli,
Finland. The total biological volume of the plant was 28 m3, including
major compartments of cylindrical shaped aeration and membrane
tank (10m3 each), rectangular-shaped anoxic tank (6.0m3) and a deox-
ygenation tank (2.0 m3). The flat sheet microfiltration membrane mod-
ules of 0.2 μm PVDF membrane (Alfa Laval MFM100, Sweden) with a
total surface area of 154 m2 were employed for filtration. The mem-
brane module was completely submerged in the MBR tank, which had
a water level above the permeate extraction line. The water column at
the module's head generates sufficient TMP to force the permeate
through the membrane. When all permeate line valves are open,

http://creativecommons.org/licenses/by/4.0/


Fig. 1.MBR pilot plant used in the experiments.
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permeate flows by gravity from the MBR to the permeate tank and the
permeate flux was regulated using a flow control valve. The membrane
module was equippedwith an S-shaped aeration system for membrane
air scouring and maintaining aerobic biological ambiance inside the
system.

2.2. Operation of MBR

TheMBRwas operated continuously after the initial inoculation and
acclimatization of activated sludge for a month. Process parameters,
such as wastewater flowrate, pH, and temperature were continuously
monitored online. Municipal wastewater, after a preliminary coarse
screening followed by a fine screening (2 mm), was continuously
fed to the primary clarifier. After the primary clarification, wastewa-
ter was fed to the anoxic tank, having the hydraulic retention time
(HRT) of around 3 h. Then, the wastewater entered the aeration
tank and finally to the membrane tank for initiating nitrification
and other biological degradation processes. The HRT in the aeration
tank was about 5 h and the dissolved oxygen concentration was
maintained around 2 mg/l. The rejected mixed liquor was recycled
from the MBR to the anoxic zone after deoxygenation with a recycling
rate of 4.5 m3/h.

During the process operation, SRTwasmaintained by discarding the
calculated amount of activated sludge from the aeration tank on an
hourly basis at an intermittent mode. The amount of sludge discarded
during SRT of 25, 40 and 10 days was 1.1, 0.7 and 2.8 m3/day, respec-
tively. At each SRT, there was an adaptation period followed by a stabi-
lized period. The adaptation period wasmaintained at least equal to the
number of operational days for SRT of 25 and 10 days, while SRT of
40 days was maintained a little differently. After the completion of
SRT 25 stabilized period, the process was operated for another 15 days
without removing any sludge from the process so that the final SRT
reached the sludge age of approximately 40 days. The system was
then continuously adapted at SRT of 40 days by discarding sludge at a
rate of 0.7 m3/day from the process for another 14 days prior to the
start of the stabilization and sampling period.

In the membrane tank, an intermittent filtration of 10 min followed
by 2 min relaxation was maintained with an automatic flow control
valve and the permeate was extracted through membranes by the vir-
tue of gravitational pressure difference between water level of the
membrane tank and permeate line (Fig. 1). Transmembrane Pressure
(TMP) was recorded online using a pressure transmitter located in the
permeate line. Air scouring was maintained continuously at a specific
aeration demand of 0.45 m3/m2·h to limit the reversible fouling effects
during the operation. In-situ membrane cleaning was performed by
using sodium hypochlorite solution followed by citric acid solution
after each of the adaptation periods to ensure cleaned membrane sur-
face during the actual sampling periods.
3

2.3. Analysis of microbial community

For the analysis of microbial community, activated sludge samples
were collected weekly in a sterile container during the stabilized period
from theMBR tank. After collection, 15ml of samplewas dispensed into
a sterile Eppendorf tubes and centrifuged at 4000g at 4 °C for 15 min to
decant the supernatant. The obtained sludge pellets were stored at
−20 °C prior to DNA extraction.

Genomic DNA was extracted from sludge samples with DNeasy
Powersoil kit (Qiagen Inc.) according to protocol provided by the man-
ufacturer. About 500 mg (wet weight) of sludge sample was used for
each extraction. Portion of bacterial 16S small ribosomal unit gene
was amplified with primers 519F (5′-CAGCMGCCCGCGGTAATWC-3′)
and 926R (5′-CCGTCAATTCCTTTRAGTTT-3′). Polymerase chain reac-
tions (PCRs) were performed in 20 μl volume in three replicates, each
containing 1× Phusion Flash High-Fidelity Master Mix (ThermoFisher
Scientific, USA), 0.5 μM forward and reverse primers and 40 ng template
DNA. After an initial 3-min denaturation at 98 °C, the following cycling
conditions were used: 20 cycles of 98 °C, 10 s; 64 °C, 10 s; 72 °C, 30 s.
Final extension step was carried out at 72 °C for 5 min.

After the amplification, triplicate reactionswere pooled together and
PCR products were purified using Ampure XP PCR cleaning kit
(Agencourt Bioscience, USA) (Xie et al., 2021). Purity and concentration
of PCR products were measured with a Bioanalyzer DNA-1000 chip.
Equimolar amounts of each samples were pooled together, and pooled
samples were further size-selected using Ampure XP kit. Prior to se-
quencing, final concentration of pooled samples was determined using
Quant-iT PicoGreen dsDNA assay kit (ThermoFisher Scientific, USA).

Sequencing was performed on a two Ion 314 v2 chips using Ion
Torrent PGM (Torrent Suite version 5.12.0) and Ion Torrent OT2 instru-
ments, and Ion Hi-Q View OT2 and Ion Hi-Q View Sequencing kits
(ThermoFisher Scientific, USA). Analysis of sequence data was carried
out in QIIME 2 platform (version 2019.7.0) (Caporaso et al., 2010; Su
et al., 2021). Before importing raw sequence data, cutadapt v.2.4 was
used to remove reads shorter than 100 bp and raw readswere imported
to QIIME 2 as multiplexed single-ended barcode included sequence
data. Subsequently, reads were demultiplexed to samples based on
barcode sequences and PCR primer sequences were trimmed from
reads using QIIME 2 cutadapt plugin. Processed reads were denoised
and dereplicated with truncation length of 300 bp using DADA2-pyro
plugin (Callahan et al., 2016). Representative sequences of all unique
amplicon sequence features were aligned with MAFFT (Katoh and
Standley, 2013) and used to construct phylogenetic tree with FastTree2
(Price et al., 2010). Taxonomy was assigned to amplicon features using
QIIME 2 feature-classifier (Bokulich et al., 2018) against the Greengenes
13_8 99% operational taxonomic unit (OTU) reference sequences
(McDonald et al., 2012). Alpha diversity metrics were then estimated
using QIIME 2 diversity plugin.
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2.4. Analysis of water and activated sludge quality

Water quality indicators, such as total suspended solid (TSS), chem-
ical oxygendemand (COD), biochemical oxygen demand (BOD), ammo-
niumnitrogen (NH₄-N), total nitrogen (TN) and total phosphorous (TP),
were analyzed fromboth influent and permeate samples using the stan-
dard procedure of wastewater analysis (Clesceri et al., 1998). The influ-
ent and permeate samples were collected weekly during the stabilized
period. Mixed liquor suspended solids (MLSS), mixed liquor volatile
suspended solids (MLVSS) and sludge volume index (SVI) were mea-
sured according to the protocol provided by American Public Health
Association (APHA) (Clesceri et al., 1998). Besides, MLSS and Dissolved
Oxygen (DO) concentrationwere continuouslymonitored and recorded
online. Food to microorganism ratio (F/M) was calculated from the in-
fluent COD data using Eq. (1).

F=M ¼ Df � COD
CMLVSS � Vbio

ð1Þ

where Df is the daily flowrate of feed wastewater entering into the
process in m3/day; COD is the chemical oxygen demand of the feed
wastewater in mg/l; CMLVSS is the concentration of MLVSS in g/l and Vbio
is the volume of the total biological process in m3.

2.5. Extraction and analysis of EPS

Different fractions of EPS, such as soluble EPS (also known as soluble
microbial products or SMP) and bound EPS (B-EPS)were extracted from
the mixed liquor samples according to the methodology reported by Y.
Liu et al. (2018) and Rumky et al. (2018). Briefly, 40 ml of the mixed li-
quor samples were collected and subsequently centrifuged (4000g) at
4 °C, for 15 min. The supernatant was then filtered through 0.45 μm
nylon membrane and collected as the SMP fraction for further analysis.
The collected residual sludge pellets were then used for the B-EPS
extraction into loosely bound EPS (LB-EPS) and tightly bound EPS
(TB-EPS) fractions. The LB-EPS was extracted by re-suspending the
sludge pellets in 40 ml of 0.5% NaCl solution. After the necessary vor-
tex oscillation (1 min) and 5 min ultrasonication, the re-suspended
pellets were centrifuged (4000g) for 15 min at 4 °C. The supernatant
collected by filtering through a 0.45 μm nylon membrane was then
further used for LB-EPS analysis. On the other hand, TB-EPS was ex-
tracted from the sludge pellets by re-suspending in 40 ml of 0.5%
NaCl solution, followed by vortex oscillation (1 min), 5 min
ultrasonication, 30 min thermal treatment at 70 °C and 15 min of
centrifugation (4000g) at 4 °C. Finally, the supernatant collected by
filtering through a 0.45 μm nylon membrane was used for the TB-EPS
analysis.

Concentrations of EPS fractions (SMP, LB-EPS and TB-EPS) were
measured as dissolved organic carbon (DOC) concentrations using
Fig. 2. (a) Rarefaction curves and (b) microbial ric
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Shimadzu TOC-VCPH Analyzer. EPS fractions have also been charac-
terized based on their protein and carbohydrate contents. Carbohy-
drate content of EPS fractions was measured by the Anthrone
method, using glucose as the standard (Frølund et al., 1996). Fur-
thermore, the Lowry methodwas used to determine the protein con-
tent in the EPS fractions using bovine serum albumin (BSA) as
standard (Frølund et al., 1996; Raunkjær et al., 1994). The protein
and carbohydrate contents of EPS fractions were analyzed using UV-
spectrophotometer (PerkinElmer Lambda 45, USA) at maximum absor-
bances of 750 nmand 625 nm, respectively. All themeasurementswere
triplicated.

2.6. Analysis of floc size distribution

The flocs size and their distributions in the activated sludge sample
were carried out using a Mastersizer 2000 particle size analyzer
(Malvern, UK). The formation of activated sludge flocs depends on the
SRT and the biochemical composition of the sludge suspension. There-
fore, the Pearson correlation analysis was performed using R statistical
tool to understand the correlation between the SRT, activated sludge
biochemical composition and d50 floc size.

3. Result and discussion

3.1. Effect of SRT on microbial community dynamics

3.1.1. Analysis of microbial community richness and diversity
Changing solid retention time in MBRs has been found to have

notable effects on the microbial community (Yu et al., 2018). In
this study, the Ion torrent sequencingmethod was applied to acquire
information on the microbial community, their diversity and rich-
ness from the sludge samples collected at different SRTs. The ade-
quacy of sequencing depth to reveal the diversity of bacterial
communities at the examined SRTs can be interpreted from the rar-
efaction curves (Fig. 2a).

All the curves reached the plateau indicating the adequacy of se-
quencing depth in this study. The goodness of coverage for all the exam-
ined SRTs was 0.99, indicating that the Ion torrent sequencing was able
to unveil most of the OTUs (Chen et al., 2017). The diversity and rich-
ness of the microbial communities in the samples were characterized
by the Shannon diversity index and chao1 estimation, respectively
(Fig. 2b). The Shannon diversity index accounts for both abundance
and evenness of the microbial species available. The highest Shannon
index (7.19) was observed at SRT 40 and the lowest (6.99) was at SRT
10. This result indicates that the microbial diversity increased with the
increasing SRT. Likewise, Chao 1 indexes were estimated to be 825,
476 and 491 at SRT 25, 40 and 10 days, respectively. This result shows
that the richness of microbial community was clearly highest when
SRT was 25 days.
hness and diversity analysis at different SRTs.
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3.1.2. Phylogenetic analysis of microbial community
The phylogenetic analysis was carried out to identify the functional

microbial communities and their dynamics in the activated sludge at
three different SRTs (25, 40 and 10 days) (Fig. 3). The identified major
phyla were Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi,
Firmicutes, Nitrospirae, Planctomycetes and Proteobacteria. When the
SRT was 25 or 40 days, the dominant sequence of four significant
phyla was Firmicutes > Proteobacteria > Actinobacteria > Bacteroidetes,
whereas with the SRT of 10 days the dominant sequence was
Proteobacteria > Bacteroidetes > Firmicutes > Acidobacteria (Fig. 3a).

Firmicutes are extensively found in the environment and in activated
sludge processes due to their high resistance against extreme
Fig. 3. (a) Relative abundance of bacterial community in phylum level at different SRTs and r
(e) Actinobacteria, and (f) Bacteroidetes at three different SRTs.
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environmental conditions (ElNaker et al., 2018). The relative abundance
of Firmicutes in the activated sludge was ~29% of total phylum at SRT of
25 days, which decreased to 26% and 17% at SRT of 40 days and SRT of
10 days, respectively. Three major classes of Firmicutes were Bacilli,
Clostridia and Erysipelotrichi, among which Clostridia was dominant at
all the examined SRTs (Fig. 3(b)). It has been reported that, Firmicutes
play an important role in wastewater treatment by producing a variety
of enzymes that degrade a wide range of organic matter. Proteobacteria,
which are known as butyrate, glucose, propionate and acetate utilizing
bacteria (J. Liu et al., 2018), were identified as the second dominant
phyla when the SRT was 25 days or 40 days and the most dominant at
SRT of 10 days. Four major classes of Proteobacteria, namely alpha (α),
adar plots of major classes of phyla (b) Firmicutes, (c) Proteobacteria, (d) Acidobacteria,
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beta (β), gamma (γ) and delta (δ) Proteobacteria were identified at all
SRTs. Among them, β-Proteobacteria and γ-Proteobacteria are, based
on the literature, likely to be the pioneers of surface colonization on
the membranes and their presence could thus lead to the drastic irre-
trievable membrane biofouling (Jinhua et al., 2006). The dominance of
β& γ-Proteobacteriawas observed at SRT of 10 days (Fig. 3c). Moreover,
bacteria from Firmicutes and Proteobacteria phylum have been reported
to produce antibiotic resistance (Zhang et al., 2019; Zhu et al., 2017).

Acidobacteria and Actinobacteria are capable for producing bioactive
molecules by degrading complex polymeric pollutants, which are bene-
ficial for COD reduction and microbial growth (Song et al., 2018). The
relative abundance of Acidobacteria was at its maximum at SRT of
10 days. Among the four different classes of Acidobacteria, as shown in
Fig. 3d, Chloracidobacteria was dominant at all the tested SRTs. Com-
pared with Acidobacteria, Actinobacteria did not show any significant
correlationwith the SRT values. The relative abundance of Actinobacteria
was at itsmaximumat SRT of 25 days and then a further declinewas ob-
served at SRT of 40 days and SRT of 10 days. Fig. 3e represents the distri-
bution of five different classes of Actinobacteria at different SRTs; of
which, Acidimicrobiia and Actinobacteria were predominant classes at
SRT values of 25 and 40 days, respectively.

The relative abundance of Bacteroidetes was at its maximum at SRT
of 10 days, when it accounted for 21% of the total microbial community.
It has been reported that Bacteroidetes are responsible for the excessive
release of proteinaceous EPS,which can proceed colonization andmem-
brane fouling (Gao et al., 2010). Among the identified five different clas-
ses of Bacteroidetes, Saprospirae was the leading class at all SRTs.
Chloroflexi, which is known as a filamentous type of bacteria, was
Fig. 4. Heatmap with dendrogram showing the abundanc
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found as 4%, 5% and 3% at SRT of 25, 40 and 10 days, respectively. This
type of microorganisms are known to be responsible for bulking and
foaming problems in the activated sludge (Yu et al., 2018). Apart from
that, Chloroflexi degrades the organic matter generated from metabolic
activities and lysis of dead cells (Kindaichi et al., 2012).

To analyze the microbial diversity and dynamics more thoroughly
and closely, taxonomic analysis was carried out at the genus level.
Heatmap in Fig. 4, represents the distribution of the top 30 microbial
communities at the genus level at the different SRTs used in the experi-
ments. Proteiniclasticum and Clostridium, which belong to Firmicutesphy-
lum,were identified as the top dominant genera at SRT of 25 days, which
accounts for 11% and 10% of total genera, respectively. On the other
hand, at SRT of 40 days an unknown genus of the Comamonadaceae fam-
ily, which belongs to Proteobacteria phylum, was the top-most genus
accounted for the 7% of total genera. Similarly, at SRT of 10 days three un-
knowngenera of three different families,Chitinophagaceae, Ellin6075 and
Comamonadaceae, which belongs to Bacteroidetes, Acidobacteria and
Proteobacteria phylum, respectively, were the top dominant genera ac-
counting for 9%, 9% and 8%, respectively.

Fig. 5 represents the topfive genera offloc forming bacteria and quo-
rum quenching (QQ) bacteria and their dynamics under varying solid
retention times. Paracoccus, TM7, Zoogloea, Flavobacterium and Thauera
are known as granular floc forming bacteria in the activated sludge
(Zhang et al., 2016; Zhao et al., 2013). It can be seen from Fig. 5(a),
that relatively high numbers of OTUs of Paracoccus, TM7 and
Flavobacterium species were observed at SRT of 25 days compared to
SRTs of 40 and 10 days. Several QQ bacteria were also identified in the
activated sludge, amongwhich the top five generawere Flavobacterium,
e of top 30 genera in sample groups at different SRT.



Fig. 5. Dynamics of (a) floc forming microbes and (b) QQ microbes at genus level under varying SRTs.
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Novosphingobium, Rhodobacter, Rhodococcus and Roseomonas (Fig. 5b).
These types of bacteria are prominent in reducingmembrane biofouling
by blocking quorum sensing (QS) signals, which are mainly responsible
for bacterial communication and EPS production (Lee et al., 2018; Oh
and Lee, 2018). As can be seen in Fig. 5(b), all these five bacterial genera
were dominant at SRT of 25 days and further gradually decreased at
SRTs of 40 and 10 days. Nitrospira from Nitrospirae phylum is well
known for nitrite-oxidizing bacteria and their abundances were 2%, 2%
and 1% at SRT of 25, 40 and 10 days, respectively. These results indicate
that longer SRT is advantageous for the growth of denitrifying bacteria.
Similar results have been reported by Yu et al. (2018).

3.2. Effect of SRT on activated sludge characteristics

3.2.1. Mixed liquor concentration and SVI
MLSS, MLVSS and SVI were monitored to determine the impact of

changing SRTs on activated sludge characteristics, as shown in Fig. 6.
The dashed line on each SRT phase indicates the end of the adaptation
period and the beginning of a steady period. An increasing trend in
the concentration of MLSS and MLVSS at longer SRT can be noted in
Fig. 6.

At SRT 25, 40 and 10 the mean concentration MLSS was 6.1 ± 0.4,
10.3 ± 1.2 and 5.1 ± 0.4 g/l, respectively and the mean concentration
MLVSSwas 4.2±0.2, 5.4±0.8 and 2.9±0.4 g/l, respectively. However,
the ratio ofMLVSS toMLSSwas0.67, 0.53 and 0.57 for SRT 25, 40 and 10,
respectively. A higher ratio of MLVSS to MLSS at SRT of 25 days is
Fig. 6. Variation of MLSS, MLVSS and SVI at different SRTs. A.P. and S
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attributed to the higher concentration of organic substances in the
mixed liquor. In contrast, the lower ratio of MLVSS to MLSS at SRT of
40 days indicates the abundance of inert or inorganic material at higher
SRT. Sludge volume index (SVI), which is an indicator of activated
sludge settling characteristics (Van den Broeck et al., 2012), indicated
a rather stable value during SRT of 25 days (106.6 ± 10.9 ml/g) and
SRT of 40 days (94.3 ± 9.2 ml/g), while an elevated SVI was observed
at SRT of 10 days (120.4±27.3ml/g). The increasing trend of SVI values
with decreasing SRT indicates an exacerbated bio-flocculation state and
deterioration of sludge filterability (Van den Broeck et al., 2012).

3.2.2. Concentration of EPS fractions
The production of EPS is firmly associated with the available micro-

bial community and their activities, such as microbial growth, secretion
and substrate consumption, which shows a strong correlation with the
SRT (Ahmed et al., 2007; Shi et al., 2017; Yu et al., 2018). The EPS frac-
tions (SMP, LB-EPS and TB-EPS) produced at different SRTswere charac-
terized by their carbohydrate and protein contents, as presented in
Fig. 7.

SMP is considered as the inventory of soluble organic compounds re-
leased into themixed liquor from themetabolism of the substrate (usu-
ally with the growth of microbes) and microbial decay (Jarusutthirak
and Amy, 2006). Therefore, the rate of SMP production is proportional
to the microbial concentration and substrate utilization; in other
words, food to microorganism ratio (F/M ratio). In this study, while
dealing with real municipal wastewater, the highest concentration of
.P. represents the adaptation and stabilized period, respectively.
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SMP was observed when the SRT was 40 days, and the lowest concen-
tration was observed when the SRT was 25 days, as shown in Fig. 7
(a). The highest production of SMP at SRT of 40 days can be attributed
to the maximum substrate concentration (1030.0 ± 223.3 mg/l) at
that SRT compared to the substrate concentrations at SRT of 25 and
10 days (687.5 ± 130.7 and 795.0 ± 75.0 mg/l, respectively). Also, the
longer SRT facilitates the maximum growth of biomass concentration
in the bioreactor. As a result, a higher F/M ratio was observed at SRT
40 (0.38 g COD/g MLVSS·day) compared to SRT of 25 (0.29 g COD/
g MLVSS·day) and 10 (0.35 g COD/g MLVSS·d) days which resulted in
the highest possible microbial activity and maximum production of
SMP. In a recent study on the effect of organic matter in wastewater
on SMP production, Ferrer-Polonio et al. (2018) concluded that higher
ratios of F/M resulted in higher concentrations of SMP. The Fig. 7
(a) also indicates that the protein fraction was dominant at SRT of 40
and 10 days in the SMP, while the carbohydrate fraction was predomi-
nant at SRT of 25 days.

LB-EPS is a highly hydrated part of the B-EPS matrix and diffuses in
the outer layer. The higher correlation of LB-EPSwithmembrane fouling
propensities has been reported due to its direct contact withmembrane
surface (Shi et al., 2017; Wang et al., 2009). Compared to SMP and TB-
EPS, the concentrations of LB-EPS were relatively low as shown in
Fig. 7 (b). At all the tested SRTs, the protein fraction of the LB-EPS was
the major element over carbohydrate fraction. Similarly, the protein
and carbohydrate concentrations in TB-EPS are presented in Fig. 7 (c),
which indicates the higher concentration of TB-EPS observed at SRT of
10 days. Like in LB-EPS, the proteinwas dominant over the carbohydrate
content in TB-EPS. However, 10 days of SRT were found with a higher
Fig. 7. Protein and carbohydrate concentration in (a) SMP, (b) LBEPS and (c) TBEPS at
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concentration of proteins in TB-EPSwhile 25 days of SRT had higher car-
bohydrate content.

3.2.3. Floc size distribution of sludge
The floc size distribution of activated sludge in the MBR process at

SRT values of 25, 40 and 10 days are presented in Fig. 7 (d). The size dis-
tributions d (0.1), d (0.5) and d (0.9) indicate 10%, 50% and 90% of the
volume distribution below these values, respectively. The volume
mean diameter, i.e., d (0.5) at SRT of 25, 40 and 10 days were observed
as 29.0 ± 0.9, 25.3 ± 0.7 and 19.5 ± 0.5 μm, respectively. The results in
Fig. 7 (d), indicate that the larger floc formation tendency was mostly
seen when the SRT was 25 days, which is in consistent with the abun-
dance of granular floc forming microbial genera analyzed at SRT of
25 days.

To understand the correlation between the SRT, the activated sludge
characteristics and floc size, a statistical analysis was performed with
the significance of 95% confidence level. Scattered matrix and the
Pearson correlation coefficients (R) (Fig. 8) showed that d 50 floc size
was strongly correlatedwith the SRT (R=0.63). Besides that, the carbo-
hydrate content of SMP and TB-EPS also showed a strong positive corre-
lation with the floc size (R = 0.82 and 0.63, respectively). This
correlation is in agreement with the results reported in other studies,
where it has been stated that carbohydrate content in EPS matrix is re-
sponsible for cell aggregation and floc formation due to their high mo-
lecular weight, long carbon backbone with active side chain and gel-
forming properties (Lin et al., 2014; Shi et al., 2017; Wang et al.,
2009). However, a strong negative correlation was observed between
the carbohydrate content of LB-EPS (LB-EPS_C) with d50 floc size,
different SRTs and (d) floc size distribution of sludge suspension at different SRTs.



Fig. 8. Scattered Matrix and the Pearson correlation analysis of SRT, protein content of SMP (SMP_P), carbohydrate content of SMP (SMP_C), protein content of LB-EPS (LB-EPS_P),
carbohydrate content of LB-EPS (LB-EPS_C), protein content of TB-EPS (TB-EPS_P), carbohydrate content of TB-EPS (TB-EPS_C) and d50 floc sizes.
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which indicates the adverse effect of LB-EPS_C on the floc formation.
Similarly, the protein content of the EPS fractions always showed a neg-
ative correlation (R = −0.53) with floc formation.

3.3. Effect of SRT on effluent quality

The MBR was operated for treating the real municipal wastewater
generated from the city of Mikkeli (about 50,000 inhabitants), a South-
ern Savonia region of the Eastern Finland. Therefore, a dynamic influent
characteristic was observed over the operational period. The results of
influent wastewater and permeate characteristics are listed in Table 1.

The highest concentrations of water quality indicators, such as BOD,
COD, TP, TN and NH₄-N, were observed in the influent during the oper-
ational period of the SRT of 40 days. The corresponding removal effi-
ciencies of the water quality indicators are illustrated in Fig. 9. Despite
of operating the MBR at different SRTs, an excellent permeate quality
was obtained over the whole experimental period (Table 1). COD re-
moval rate was at its maximum (97.0 ± 1.2%) at SRT of 40 days despite
of having maximum influent COD concentration. The maximum re-
moval of COD at SRT of 40 days can be attributed to the higher biomass
concentration, which facilitates the decomposition of various organic
compounds. The removal rate of TP and NH₄-N were more than 98.5%
over the whole experimental period, although the SRT value was
changed occasionally. However, total nitrogen removal was relatively
low as compared to other indicators (Table 1), demonstrating a poor an-
oxic condition that needs to be optimized further according to the need
Table 1
Characteristics of influent wastewater and permeate at different SRTs (for SRT 25 and 40, num

Water quality parameters SRT 25 days SR

Influent Permeate In

Temperature, °C 13.8 ± 1.6 16.1 ± 0.8 16
pH 7.2 ± 0.1 6.9 ± 0.2 7.3
BOD, mg/l 305.0 ± 71.6 2.9 ± 0.2 36
COD, mg/l 687.5 ± 130.7 26.5 ± 6.4 10
TP, mg/l 8.9 ± 1.8 0.1 ± 0.0 11
TN, mg/l 56.5 ± 7.4 24.8 ± 1.9 77
NH₄-N, mg/l 41.8 ± 3.6 0.6 ± 0.9 59
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of discharge limits. The maximum removal of the TN was observed at
SRT of 40 days (70.3%), while it was at its minimum at SRT of 25 days
(56.6%).

3.4. Effect of SRT on membrane fouling

The TMP profile (Fig. 10)wasmonitored over the operational period
at different SRTwith a permeate flux of 15 L/(h·m2). From the TMP pro-
file, it can be visualized that the longest operational period (26 days) of
MBR prior to TMP rise to the value of 50 mbar was observed at SRT 25.
Whereas the TMP reaches at 50mbarwithin 21 days and 12 days of op-
eration at SRT 40 and 10, respectively.

The TMP profiles duringMBR operation can be distinguished as four
different stages, including a sharp TMP rise, flux stabilization followed
by a slow and fast TMP rise. At all the tested SRTs, after the membrane
cleaning events, a rapid rise of TMP occurred within a day of operation,
followed by well stabilized TMP profile (from the first datapoint to the
second datapoint in Fig. 10), which may be due to the rapid growth of
biofilm on the membrane surface (Pronk et al., 2019). This stabilized
stage was 3 days long when the SRT was 25 and 10 days, while it was
11 days longwhen the SRTwas 40 days. The prolonged stable operation
at SRT of 40 days can be attributed to the adequate abrasion effect of
high MLSS concentration that prevented the rapid growth of biofilm
on the membrane surface (Meng et al., 2006). The slow TMP rising
stages continued 14, 8 and 4 days at the SRTs of 25, 40 and 10 days,
with an approximate rate of TMP rise 1.32, 1.53 and 2.52 mbar/day,
ber of samples = 4 and for SRT 10 no of samples = 3).

T 40 days SRT 10 days

fluent Permeate Influent Permeate

.6 ± 0.5 19.2 ± 0.4 15.4 ± 0.9 18.7 ± 0.3
± 0.0 6.7 ± 0.1 7.2 ± 0.1 6.7 ± 0.2

2.5 ± 84.1 3.0 ± 0.0 360.0 ± 40.0 3.3 ± 0.5
30.0 ± 223.3 28.3 ± 5.9 795.0 ± 75.0 33.3 ± 4.7
.1 ± 1.4 0.2 ± 0.0 11.0 ± 1.0 0.2 ± 0.1
.3 ± 6.9 25.8 ± 2.3 74.5 ± 0.5 24.0 ± 2.4
.0 ± 9.4 0.1 ± 0.0 56.5 ± 2.5 0.1 ± 0.0



Fig. 9. Removal efficiencies of tested water quality indicators at different SRTs.
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respectively. In the final stage, the TMP jump stage, the rate of TMP rise
was 2.22, 15.38 and 10.04 mbar/day for SRT of 25, 40 and 10 days, re-
spectively. Therefore, it can be concluded from these experiments that
the process operationwith the SRT value of 25 days led to the possibility
of operating a long time with a steady rise of TMP.

The TMP profile at different SRTs can also be explained from the re-
sults obtained from the microbial community analysis, sludge charac-
teristics and floc size distribution analysis during the MBR operation.
When SRT was 25 days, higher number of OTUs of QQ-bacteria and
floc forming bacteria were observed (Fig. 5), which favors the lower
membrane fouling and larger floc formation, respectively. Apart from
that, the lowest values for the EPS excretion were seen at SRT of
25 days (Fig. 7). On the other hand, the highest EPS concentration was
observed at SRT of 40 days. However, high MLSS concentration (Fig. 6)
and large floc formation (Fig. 7 (d)) at SRT of 40 days might have pro-
moted the better membrane scouring and lower filtration resistance,
which may prolong the operational period under the TMP of 50 mbar
of MBR as compared to SRT of 10 days (Shen et al., 2015; Zhang and
Jiang, 2019). The rapid membrane fouling observed at the SRT of
10 days was a result from the microbial community, floc size and EPS
concentration. The particle size analysis showed the poor floc formation
at SRT value of 10 days, whichmay have resulted from the abundance of
solutes and colloids in the bulk sludge suspension. Sub-micron size of
Fig. 10. TMPprofiles obtained at different SRTswith an operating flux of 15 L/(h·m2). TMP
was monitored online, and data were recorded for every 10 s. Each day data was the
average of the 8640 data point.
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sludge flocs and solutes can readily be deposited on to the membrane
surface due to suction drag force, leading to severe membrane fouling
(Guo et al., 2012).

4. Conclusion

The outcome of this research in a pilot-scale gravity-driven A/OMBR
systemdemonstrates that SRT has a substantial effect onmicrobial com-
munity dynamics, activated sludge characteristics, floc size distribution
andmembrane fouling. Results obtained from themicrobial community
analysis revealed that SRT of 25 days was in this case superior with mi-
crobial species richness, while SRT of 40 days was a high diverse collec-
tion of the microbial species. The production of SMP was minimum at
SRT of 25 days, which was also dependent on the F/M ratio. The carbo-
hydrate content of the SMP and TB-EPS fractionwasmaximum at SRT of
25 days, which was found to be responsible for the largest floc forma-
tion. Themost extended operational period and the lowest rate ofmem-
brane fouling was observed at SRT of 25 which was resulted from the
superior microbial community, lowest production of SMP and LB-EPS
as well as the lower filtration resistance of larger sludge flocs. Relative
abundance of QQ bacteria and granular floc forming bacterial genera
at SRT 25 provided less membrane fouling tendency and larger floc for-
mation, respectively. On the other hand, abundance of various surface
colonizing and EPS producing bacteria was found at SRT 10, which pro-
moted the membrane fouling at that SRT. Therefore, according to this
study it can be concluded that, an optimized SRT will prevent rapid
membrane fouling in large-scale GD-MBR applications by regulating
the microbial community dynamics and resulting biochemical proper-
ties of the mixed liquor and microbial flocs.
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